More than 35 years after the Binet classification, there is still a need for simple prognostic markers in chronic lymphocytic leukemia (CLL). Here, we studied the treatment-free survival (TFS) impact of normal serum protein electrophoresis (SPE) at diagnosis. One hundred twelve patients with CLL were analyzed. The main prognostic factors (Binet stage; lymphocytosis; IGHV mutation status; TP53, SF3B1, NOTCH1, and BIRC3 mutations; and cytogenetic abnormalities) were studied. The frequencies of IGHV mutation status, cytogenetic abnormalities, and TP53, SF3B1, NOTCH1, and BIRC3 mutations were not significantly different between normal and abnormal SPE. Normal SPE was associated with Binet stage A, nonprogressive disease for 6 months, lymphocytosis below 30 G/L, and the absence of the IGHV3-21 gene rearrangement which is associated with poor prognosis. The TFS of patients with normal SPE was significantly longer than that of patients with abnormal SPE (log-rank test: P = 0.0015, with 51% untreated patients at 5.6 years and a perfect plateau afterward vs. a median TFS at 2.64 years for abnormal SPE with no plateau). Multivariate analysis using two different Cox models and bootstrapping showed that normal SPE was an independent good prognostic marker for either Binet stage, lymphocytosis, or IGHV mutation status. TFS was further increased when both normal SPE and mutated IGHV were present (log-rank test: P = 0.008, median not reached, plateau at 5.6 years and 66% untreated patients). A comparison with other prognostic markers suggested that normal SPE could reflect slowly advancing CLL disease. Altogether, our results show that a combination of normal SPE and mutated IGHV genes defines a subgroup of patients with CLL who evolve very slowly and who might never need treatment.
Introduction
Chronic lymphocytic leukemia (CLL), the most frequent indolent B-cell cancer with blood passage of tumor cells in the elderly in western countries, is characterized by a lymphocytosis exceeding five G/L comprising small circulating monomorphic round B lymphocytes, with constant infiltration of bone marrow and secondary lymphoid organs [1, 2] . Diagnosis requires flow cytometry immunophenotyping of cells, usually based on the Matutes-Moreau score, which combines the expression of CD5 and CD23, weak surface membrane immunoglobulin levels and weak or absent FMC7, CD22, or CD79b expression. CLL is typically characterized by a Matutes score of 4 or 5 [3, 
ORIGINAL RESEARCH
Normal serum protein electrophoresis and mutated IGHV genes detect very slowly evolving chronic lymphocytic leukemia patients 4] . Disease progression is heterogeneous with overall survival (OS) ranging from a few years to decades.
Because some patients with CLL may have a life expectancy as long as healthy subjects of the same age without treatment while others will rapidly evolve, it has been recognized for a long time that finding reliable prognostic factors is necessary. The first and most universal clinical and biological predictive tools are the Binet and Rai staging systems that predict the clinical course [5, 6] . For example, patients with Binet Stage A CLL exhibit good treatment-free survival (TFS), with a life expectancy close to that of healthy subjects of the same age. However, it is well known that the progression of these patients is rather heterogeneous [7] .
Almost twenty years after the publication of Binet and Rai stages, Damle et al. [8] . and Hamblin et al. [9] . showed that a greater than two percent mutation rate of the variable rearranged region of the immunoglobulin heavy chain gene (IGHV) predicts good overall survival of patients with CLL. In the early 2000s, various cytogenetic prognostic markers were identified, including isolated del(13q), which predicts very good overall survival, and del(17p), which is reliably associated with resistance to fludarabine. High-throughput sequencing of the CLL genetic landscape revealed several new gene mutations associated with a poor prognosis. For example, NOTCH1 is associated with Richter syndrome, and the SF3B1 mutation also seems to predict fludarabine resistance [10] . Most of these genetic markers are in fact predictive of more rapid disease progression, treatment resistance, or transformation, and very few of them identify patients who will never need to be treated. Mutated IGHV and the deletion of the long arm of chromosome 13 (del(13q)) may be the only markers that predict prolonged TFS [11] [12] [13] [14] .
To assess the cytogenetic and mutational status of CLL, each case requires high levels of technical and medical expertise, and the process is time consuming and costly [15] . To circumvent these difficulties, various other biological parameters, such as serum soluble CD23, CD38, and ZAP70 expressions, have been reported as prognostic markers [16] . However, as exemplified for antibodies detecting ZAP70, published reagents and/or methods for the detection and quantification of these markers are rather diverse [17] . To date, these markers are rarely used in the routine staging and follow-up of patients with CLL.
Universal biological analyses prescribed for the initial staging of patients with CLL include serum protein electrophoresis (SPE). SPE detects either hypogammaglobulinemia, which is supposed to predict infection risk [18] and is likely to be related to tumor burden [19] , or immunoglobulin peaks. The prevalence rates of hypogammaglobulinemia and monoclonal paraprotein are 25% [20] and 11% [21] , respectively. The clinical significance of abnormal serum protein electrophoresis has been previously studied, showing a worse prognosis in the presence of serum paraprotein [19, 22] . The impact of hypogammaglobulinemia is controversial regarding either infection risk, TFS, or OS [20, 23, 24] . As most publications only report on the significance of hypogammaglobulinemia or the monoclonal component alone, the prognostic value of a normal gamma globulin serum profile (normal SPE) per se has not been reported.
Here, we studied the correlation of normal SPE with TFS and its relationship with other variables (Binet Stage, biological parameters, and genetic characteristics). We found that normal SPE is an independent good prognostic variable and that the combination of normal SPE and mutated IGHV genes predicts patients with excellent TFS who are likely to have very slowly progressing CLL and who will never need treatment after diagnosis.
Materials and Methods

Patients
We analyzed 112 samples from patients with typical CLL, diagnosed between 2004 and 2016, and 93% were diagnosed between 2004 and 2012. By flow cytometry, their Matutes score was 4 or 5 in all cases. Inclusion criteria were based on the availability of biologic samples and concomitant serum protein electrophoresis with immunofixation electrophoresis when a peak was detected. Normal concentrations of gamma globulin ranged from 6 g/L to 11 g/L. The threshold for peak detection was 1 g/L of monoclonal immunoglobulin. Patients were classified according to the Binet Stage, nonprogressive/progressive disease (known stable disease for 6 months or not), the Rossi score, and their IGHV mutation status.
DNA extraction
Genomic DNA was extracted from peripheral blood mononuclear cells using the QIAamp DNA Blood Mini Kit (Qiagen, Venlo, the Netherlands) according to the manufacturer's instructions.
Sequencing of SF3B1, NOTCH1, TP53, and BIRC3
Patients were first screened for mutations in SF3B1 exons 14, 15, 16, and 18 (NM_012433), NOTCH1 exon 34 (NM_017617), and BIRC3 exons 6 to 9 (NM_001165) by Sanger sequencing (BigDye Terminator cycle kit (Thermo Fischer Scientific, Waltham, MA) and ABI PRISM 3130xl Genetic Analyzer) after amplification of 50 ng genomic DNA. Sequences were analyzed with the Mutation Surveyor DNA Analysis Software V4.0 (SoftGenetics, State College, PA). Patients not screened by Sanger sequencing were assayed by high-throughput sequencing (HTS) (Proton, Ion Torrent), using a panel that targeted the same regions. The TP53 gene was analyzed by HTS in all cases. The panels were designed on the AmpliSeq designer platform (www.ampliseq.com). Libraries were constructed using the Ion AmpliSeq Library kit 2.0 (Thermo Fischer Scientific) according to the manufacturer's instructions. Variants were filtered to retain exonic mutations and to obtain a prediction score of pathogenesis by SIFT and/or CADD positive or unknown on both scores. Known mutations were identified by querying the COSMIC, 1000 genomes, and dbSNP databases.
Immunoglobulin gene sequence analysis
Amplification of V, D, and J rearranged genes was performed using the Biomed-2 strategy with FR1 and FR2 primers as previously described. Sequence analysis of VDJ segments was performed as previously described [25] .
Cytogenetics
Conventional cytogenetic and fluorescence in situ hybridization were performed according to conventional procedures. Quantitative multiplex PCR of short fluorescent fragment (QMPSF) was performed as described elsewhere [26] .
Flow cytometry
Multiparametric flow cytometry analysis was performed on heparinized blood samples as described elsewhere [27] . 11.6% (n = 13) 6.1% (n = 3) 15.9% (n = 10) 
Statistics
The chi-square test was used to evaluate the difference between categorical covariates for the SPE subgroups. A lymphocytosis threshold of 30 G/L was used as determined previously [28] . The effects of demographics (age and sex), Binet stage, lymphocytosis, genetics (IGHV mutation status, SF3B1, and NOTCH1 mutations), cytogenetics (trisomy 12, del(11q), del(13q), and del(17p)), and serum parameter (SPE subgroups) covariates on treatment-free survival (TFS) were examined using the Cox proportional hazard model [29] . Briefly, each covariate was first tested in univariate analysis. All significant covariates with a P-value below 0.20 after univariate analysis were included simultaneously in the multivariate model. The significance of variables in the final model was tested by a backward stepwise process using the likelihood ratio to evaluate the effect of omitting variables. The stability of the final model was validated by performing 1000 bootstrap samples.
Results
To study the significance of normal serum protein electrophoresis in CLL, a series of 112 patients was selected. Their clinical and biological characteristics are shown in Table 1 . Among them, 49 (44%) had a normal SPE in the year of diagnosis, and 63 (56%) had an abnormal SPE (hypogammaglobulinemia: 24%; gamma globulin peak: 32%). These two groups of patients with CLL were comparable in terms of age and sex, as well as hemoglobin concentrations and platelet counts.
Regarding the Binet stages of the patients, 39 of 41 patients (96%) with normal SPE were Binet stage A, while 19 of the 63 (30%) patients with abnormal SPE were Binet stage B or C (Table 1 , P = 0.001, chi-square test). Nonprogressive CLL (known stable disease for 6 months) was found in 98% of patients with normal SPE (48/49), while 65% (41/63) of the patients with abnormal SPE had stable disease (P = 2 × 10 −5 , chi-square test). The number of patients with lymphocytosis above 30 G/L at diagnosis was significantly lower in patients with normal SPE (14.3% in normal SPE vs. 34.9% in abnormal SPE, Student's t test: P = 0.017) ( Table 1) .
With a threshold of a 2% mutation rate, the number of patients with mutated (M-CLL) or unmutated (UM-CLL) IGHV genes was comparable between normal and abnormal SPE ( Table 1) . Analysis of the IGHV gene repertoire was performed for IGHV gene rearrangements with a frequency over 5% among all patients with CLL of this series. Patients with a normal SPE exhibited significantly increased usage of IGHV1-2. In contrast, the rearrangement of the IGHV3-21 segment, associated with a poor prognosis, was overrepresented in patients with abnormal SPE and was completely absent in patients with normal SPE (Fig. S1) .
The BIRC3 and NOTCH1 mutation rates were low and comparable between patients with normal and abnormal SPE (Table 1) . Although not significant, the SF3B1 mutation rate was lower in patients with normal SPE (6% vs. 16% for abnormal SPE, log-rank test: P = 0.11). There were no differences for del(11q), trisomy 12, or isolated del(13q) ( Table 1 ). The number of patients with del(17p) was too low to draw any conclusion.
We then studied TFS according to SPE. Patients with normal SPE had a significantly increased TFS, with a median that was not statistically reached. The plateau HR, hazard ratio; LCI, lower confidence interval; UCI, upper confidence interval; P-value, probability that the hazard ratio = 1 (null hypothesis). 1 Excluded criteria because of low numbers.
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began at 5.6 years and was at 51% of cumulated TFS. Patients with abnormal SPE had a median TFS of 2.64 years with no plateau and had a comparable TFS to patients with either hypogammaglobulinemia or an immunoglobulin peak (Figs. 1 and S2 ). In comparison, the median TFS of patients with mutated IGHV was 8.2 years, and the plateau began at 8.4 years, with 48% of patients being treatment-free (Fig. S3) .
In addition to SPE status, the other significant variables after univariate analysis were hemoglobin levels, lymphocytosis, IGHV mutation status, SF3B1 mutation, isolated del(13q), and del(11q). Criteria that integrated various variables, such as Binet stage or Rossi's score, were also highly significant (Table 2 ). Compared to normal SPE, the hazard ratio for treatment was 2.41 for abnormal SPE, a value that was compared to that of IGHV mutation status and of Rossi's score. For multivariate analysis, two Cox models were designed. The first model included the Binet stage, Rossi's score, IGHV mutation status, lymphocytosis, and SPE status, and the second model separated all biological criteria. Bootstrapping showed the stability of both models. Normal SPE was an independent variable in both. Other independent variables included the Binet stage, Rossi's score, and lymphocytosis for the first model, and IGHV mutation status and lymphocytosis for the second one (Table 3) .
We looked at the relationship between SPE and either the IGHV mutation status or Rossi's score. Patients with normal SPE and mutated IGHV had an excellent prognosis (median TFS not reached after 13 years of followup, with a plateau at 5.6 years and 66% of accumulated TFS), while patients with normal SPE and unmutated IGHV genes or abnormal SPE and mutated IGHV genes Table 3 . Statistically significant variables after Cox multivariate analysis of TFS (the two models were designed to include all nonoverlapping variables with a P-value <0.20 after univariate analysis). HR, hazard ratio; LCI, lower confidence interval; UCI, upper confidence interval; P-value, probability that hazard ratio = 1 (null hypothesis). had comparable and shorter TFS (median TFS at 3.96 years and 3.91 years, respectively, Fig. 2 ). The group with abnormal SPE and unmutated IGHV genes had a very short TFS (median TFS = 0.40 years). If restricted to the 84 patients with both stage A and stable CLL, the TFS curves of patients with normal and abnormal SPE were parallel for the first 2.6 years. However, a plateau was reached at 5.6 years only for patients with normal SPE and mutated IGHV genes (Fig. S4A) . Indeed, among patients with mutated IGHV genes, the TFS curves of those with normal or abnormal SPE were clearly separated if the starting time point was translated from 0 to 2.6 years (Fig. S4B) . Normal SPE had no correlation with the TFS of patients with isolated del(13q) (very low-risk Rossi's score, Fig.  S5A ) but was correlated with the significantly improved TFS of all other patients of Rossi's model ( Fig. S5B and  C) . Moreover, even though their numbers were low, patients with normal SPE, mutated IGHV genes, and isolated del(13q) together had much longer TFS than the others (log-rank test: P = 0.0295, Fig. S6 ).
Altogether, our results suggest that the combination of normal SPE with mutated IGHV genes identifies patients with a very slowly evolving CLL, and even though isolated del(13q) was not selected after multivariate analysis, its presence is likely to be an additional favorable parameter.
Discussion
In this study, we showed that normal SPE is an independent good prognostic marker per se that predicts longer TFS in CLL, but most importantly, the combination of normal SPE and mutated IGHV genes defines a subgroup of patients with excellent TFS.
CLL has a highly variable natural course with overall survival ranging from a few years to several decades. As very well described by Binet and Rai [5, 6] , the difficulty for the physician is to correctly predict disease evolution as it has a strong impact on patient medical care. It is remarkable that their scoring systems, based on a few simple clinical and biological parameters defined more than 30 years ago, are still valid and have not been supplanted by any of the "new" markers published after these princeps papers. Facing this plethora of markers, the current tendency is to search for simplicity [30] [31] [32] . In that context, the Binet and Rai scoring systems are still the keystones of CLL staging at diagnosis. Additionally, only IGHV mutation status and del(17p)/TP53 mutations are currently recommended to predict CLL progression and resistance to therapeutics [30, 31, 33] .
Despite this apparent simplicity, within each group and mainly within good prognosis groups (Binet stage A or Rai stage 0-I), patient progression is rather heterogeneous. Most of the other markers proposed in CLL staging are associated with poor prognosis when present. In other words, the absence of the marker is not inevitably associated with the absence of disease progression. IGHV mutation status and chromosome 13 abnormalities are thus particular as it is the presence of somatic mutations in the variable regions of the immunoglobulin heavy chain genes or the presence of isolated del(13q) that predicts favorable evolution [13] . Our results show that combining SPE results and IGHV mutation status improves the power of predicting a favorable disease course as the presence of normal SPE plus mutated IGHV genes is associated with very long TFS. Of note, even if the number of patients in this series was too low to form a firm conclusion, the presence of these two criteria combined with the presence of isolated del(13q) tended to define an even better prognosis group.
Hamblin et al. [9] . and Opezzo et al. [34] . have proposed that CLL with mutated IGHV genes could be a different disease with a more indolent course. Normal SPE appeared to be an independent parameter to predict longer TFS and was associated with Binet stage A. For mutated IGHV genes, the presence of normal SPE could also reflect a more indolent natural history. Supporting this hypothesis is the fact that various poor prognostic markers, such as the short-term evolution of the disease, lymphocytosis over 30 G/L, or the IGHV3-21 gene rearrangement, were almost always absent in patients with normal SPE. Based on their excellent TFS, patients with CLL harboring both normal SPE and mutated IGHV status might never require any specific treatment.
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Additional supporting information may be found in the online version of this article: Figure S1 . IGHV repertoire-Only IGHV gene rearrangements with a frequency over five percent of the whole series are shown (Chi 2 test: P = 0.021 for IGHV1-2 and P = 0.0095 for IGHV3-21). Figure S2 . Kaplan Meyer curves for treatment-free survival for normal SPE, hypogammaglobulinemia and monoclonal peak. Figure S3 . Kaplan Meyer curves for treatment-free survival according to IGHV mutation status. Figure S4 . Kaplan Meyer curves for treatment-free survival (A) restricted to patients with non-progressive CLL for 6 months and Binet stage A, according to SPE and IGHV mutation status. (B) Restricted to patients with nonprogressive CLL for 6 months, Binet stage A and mutated IGHV status, according to SPE, starting at 2.6 years). Figure S5 . Kaplan Meyer curves for treatment-free survival according to SPE status and Rossi's score (A: very good Rossi's score. B: good Rossi's score. C: Intermediate Rossi's score). Figure S6 . Kaplan Meyer curves for treatment-free survival for CLL patients with mutated IGHV genes, normal SPE and isolated del(13q) versus other patients of this whole series.
